Neural pathways within the hippocampus undergo use-dependent changes in synaptic efficacy, and these changes are mediated by a number of signaling mechanisms, including cAMP-dependent protein kinase (PKA). The PKA holoenzyme is composed of regulatory and catalytic (C) subunits, both of which exist as multiple isoforms. There A large body of evidence, both in humans and experimental animals, has revealed that the hippocampus is singularly important in the ability to use spatial, olfactory, auditory, and other contextual cues to learn new tasks and to commit those experiences to memory. Significantly, neurons of the hippocampus demonstrate the remarkable capacity to undergo persistent increases and decreases in synaptic transmission in response to electrical stimuli. Long-term potentiation (LTP) is an enhanced synaptic responsiveness that is elicited by highfrequency stimulation of the afferent neurons (1, 2). LTP can last for hours in an in vitro hippocampal slice preparation and for weeks when performed in vivo. Most neural pathways of the hippocampus also exhibit a second form of synaptic plasticity, long-term depression (LTD), in which low-frequency stimulation produces a decrease in synaptic responsiveness (3-5).
recombination in embryonic stem cells to introduce an inactivating mutation into the mouse C1 gene, specifically targeting the Cj81-subunit isoform. Homozygous mutants showed normal viability and no obvious pathological defects, despite a complete lack of CfJ1. The mice were analyzed in electrophysiological paradigms to test the role of this isoform in long-term modulation of synaptic transmission in the Schaffer collateral-CAl pathway of the hippocampus. A highfrequency stimulus produced potentiation in both wild-type and CI38-/-mice, but the mutants were unable to maintain the potentiated response, resulting in a late phase of long-term potentiation that was only 30% of controls. Paired pulse facilitation was unaffected in the mutant mice. Low-frequency stimulation produced long-term depression and depotentiation in wild-type mice but failed to produce lasting synaptic depression in the Cf13/-mutants. These data provide direct genetic evidence that PKA, and more specifically the Cf81 isoform, is required for long-term depression and depotentiation, as well as the late phase of long-term potentiation in the Schaffer collateral-CAl pathway.
A large body of evidence, both in humans and experimental animals, has revealed that the hippocampus is singularly important in the ability to use spatial, olfactory, auditory, and other contextual cues to learn new tasks and to commit those experiences to memory. Significantly, neurons of the hippocampus demonstrate the remarkable capacity to undergo persistent increases and decreases in synaptic transmission in response to electrical stimuli. Long-term potentiation (LTP) is an enhanced synaptic responsiveness that is elicited by highfrequency stimulation of the afferent neurons (1, 2) . LTP can last for hours in an in vitro hippocampal slice preparation and for weeks when performed in vivo. Most neural pathways of the hippocampus also exhibit a second form of synaptic plasticity, long-term depression (LTD), in which low-frequency stimulation produces a decrease in synaptic responsiveness (3) (4) (5) .
Both LTD and LTP in the CAI region of the hippocampus are dependent upon N-methyl-D-aspartate (NMDA) receptormediated Ca2' entry (4, 5) . There is strong evidence for the involvement of calcium-regulated enzymes such as calmodulin kinase II and other protein kinases in the establishment of LTP and for phosphatases in LTD (1, 2, 6, 7) . It is thought that these
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long-term changes in synaptic efficacy may be a mechanism by which enduring neural networks are established during memory acquisition and consolidation. In fact NMDA receptor antagonists have been shown to impair spatial and contextual learning in rats (8) (9) (10) . Genetic studies also suggest that LTP in the CAl hippocampus may be an important indicator of the potential for hippocampal synaptic modification during learning (11, 12) . In contrast, no link between hippocampal LTD and learning has yet been demonstrated.
cAMP-dependent protein kinase (PKA) is involved in mediating long-term changes in synaptic strength, as first suggested by studies showing that 13-adrenergic agonists and other activators of cAMP increased synaptic excitability and contributed to LTP in various hippocampal regions (13) (14) (15) (16) (17) . Further studies showed a direct requirement for cAMP and PKA activity in mossy fiber LTP (18, 19) and in the late phase of LTP in CAl neurons (20, 21) . Because the late phase of LTP requires transcription (22) , these data suggested that PKA mediates these transcriptional events by phosphorylating transcription factors such as CREB.
The ability to introduce targeted mutations into the mouse genome has made it possible to test the role of specific gene products in hippocampal function. Three mouse strains carrying gene disruptions in different components of the cAMP signaling pathway have recently been developed. The CREB mutants show a complete loss of the late phase of LTP in the Schaffer collateral-CAl pathway, although the early phase of LTP is present (23) . These mice also show a deficit in spatial learning, supporting the idea that phosphorylation of CREB by PKA is critical for the synaptic changes that underlie memory consolidation. A second mouse strain carrying a gene disruption in type I adenylyl cyclase has a defect in Schaffer collateral pathway LTP and shows a modest defect in performance on the Morris water task (24) . Lastly, we recently reported that mice deficient in the RIP3 regulatory (R) subunit of PKA lack multiple forms of hippocampal synaptic plasticity (3, 25 Proc. Natl. Acad. Sci. USA 93 (1996) We have used gene targeting as a strategy to investigate the contribution of different PKA isoforms to hippocampal function. Our recent analysis of mice carrying a mutation in the RIP3 subunit of PKA yielded the surprising observation that while Schaffer collateral LTP was normal, LTD and depotentiation were severely affected, providing direct evidence for involvement of the PKA signaling pathway in synaptic depression (3). The mutant mice also lacked mossy fiber-CA3 LTP, demonstrating an essential role for this PKA subunit isoform (25) . However, these studies provided no information about which C subunit(s) of PKA mediates these functions. In the present study, we have created mutant mice carrying a gene disruption that specifically ablates the Co1, isoform of the C,B subunit. The electrophysiological consequences of this ablation further support the crucial role of PKA in multiple forms of synaptic modulation and suggest that both C,B and RIP are essential components of the signaling network.
MATERIALS AND METHODS
Construction of the CIS Targeting Vector. The isolation of a C,B clone from a BALB/c mouse genomic library was as described (26) . (27) . C,B-REC1 DNA was linearized with Not I and then electroporated at a concentration of 25 ,ug/ml into two ES cell lines-REK2 and REK3-at 1.2 x 107 cells per ml. G418 (GIBCO)-and ganciclovir (Syntex, Palo Alto, CA)-resistant colonies were screened by PCR. Four targeted REK2 ES-cell clones and three targeted REK3 ES-cell clones were identified, verified by genomic Southern blot analysis, and microinjected into C57BL/6 blastocysts to generate chimeric mice. Three REK2-derived cell lines and two REK3-derived cell lines contributed to the germ line.
Western Blot and Kinase Analyses. Tissue homogenates were prepared as described (28) . For Western blot analysis, proteins were electrophoresed, transferred to nitrocellulose, and probed with antiserum 2328, a rabbit polyclonal antiserum raised against mouse Co3 amino acids 27-38 (29, 30 (31) . Kinase assays were performed on brain homogenates as described (3, 28) . Nonspecific kinase activity that persisted in the presence of the protein kinase inhibitor PKI peptide was subtracted.
Electrophysiology. Mice were studied on a C57BL/6 x 129 mixed strain background at 4-6 weeks of age. All experiments used age-matched controls and were performed blind to genotype. Hippocampal slices were kept in an interface chamber at 28°C, essentially as described (32) . Stimulus intensity was adjusted to produce a response of approximately 1 Western blot analysis was performed to demonstrate that the Cl3 isoform of PKA was indeed absent in the mutants and also to examine the remaining C subunit isoforms. In mouse, only one transcript has been characterized from the Ca gene, whereas we have identified three transcripts from the C13 gene:
Co3, (30) , and two splice variants, Cf32 and C33 (unpublished data). Fig. 1C shows a Western blot analysis with polyclonal antiserum directed against all known Co3 subunits. As shown, hippocampus and other brain regions from wild-type mice express both C,31 and a smaller C,B band (possibly a mixture of Cf32 and C33), whereas kidney expresses only Cp1. In the mutant mice, Cp31 is absent from all samples demonstrating the successful null mutation of the Cp31 isoform. The Cf3 antiserum does not detect Ca, which comigrates with the Cp31 isoform and represents more than half of the C subunits present in both mutant and wild-type brain (data not shown). Homozygous null mutant mice were obtained from heterozygous matings at the expected Mendelian frequency indicating no deleterious effect of the mutation on developmental viability. Similarly, no decrease in longevity and fertility and no overt behavioral, morphological, or histological defects were noted (data not shown). Kinase assays were performed with brain tissue homogenates in the presence and absence of cAMP to determine whether PKA activity was affected. As expected, no difference between mutant and wild-type mice was observed (Fig. 1D) , reflecting the small fraction (-10%) of total PKA activity in brain that is attributable to the Cj31 isoform. Compensatory changes in the levels of either R subunits or other C-subunit isoforms might have occurred to offset the loss of Cp31, but such small changes would be difficult to quantify by Western blot analysis.
Cf81 Mutants Have a Decrease in Late-Phase LTP in the Schaffer Collateral-CAl Pathway. The role of the Cp31 isoform of PKA in LTP was investigated in the CAl region of the hippocampus by using an in vitro slice preparation. A single high-frequency train produced significant enhancement of the field EPSPs in both wild-type and mutant mice ( Fig. 2A) . This stimulus paradigm, which elicits only the early phase of LTP, yielded no significant difference in synaptic response between the two mouse groups. After a series of four high-frequency trains of 100 Hz for 1 sec, wild-type slices showed a significant increase in subsequent field EPSPs, and this potentiation was maintained throughout the duration of a 3-hr experiment (Fig.  2B) . In contrast, mutant mice showed a normal early phase, but the potentiation continuously decayed over time, resulting in a late phase of LTP that was significantly less than the wild-type mice (3 hr after stimulus, P < 0.01). This defect in the late phase was selective; both the early phase of LTP and paired-pulse facilitation (in which the second of a pair of stimuli evokes a greater response than the first due to an augmented accumulation of presynaptic Ca2+) were normal.
No difference in paired-pulse facilitation between wild-type and mutant mice was observed over the entire range of interpulse interval lengths (Fig. 3) 7-T. y 2-24). We previously found that mice carrying a mutation in the RI,B-subunit isoform of PKA have a profound defect in CA3 LTP (25) , although CAl LTP is normal (3) . In this report, the PKA-C,31 mutant mice further demonstrate that PKA plays an integral and direct role in hippocampal synaptic modification. Future studies will likely reveal many layers of overlap and cross-talk between PKA and other signaling pathways.
Perhaps most interesting is our finding of a role for PKA in LTD. In 1989, Lisman (39) proposed a specific molecular model for hippocampal LTD (and LTP) that has helped to set the framework for subsequent studies. He proposed that modest Ca2+ influxes occur during LTD, activating a phosphatase cascade, whereas large influxes of Ca2+ occur during LTP, activating kinases. When this model was first developed, PKA was known to phosphorylate (and thus activate) the inhibitor 1 of phosphatase 1 and was predicted, therefore, to oppose LTD. Surprisingly, our subsequent pharmacologic and genetic studies revealed that PKA activity, and specifically the RI,B and Co3 isoforms, are required for both LTD and LTP.
Although it is premature to attempt to incorporate PKA into a detailed molecular model of LTD, it is worth considering the known features of PKA and how the various isoforms might contribute to synaptic plasticity.
The remarkable similarity in phenotypes observed in the Cpl and RIP3 mutant mice suggests that these subunits perform similar or complementary functions in the relevant hippocampal cell types. Nevertheless, one cannot compensate for the other in its absence. An important characteristic of both of these isoforms is their sensitivity to cAMP. Holoenzymes containing Co31 (in association with RIla) are activated at a 6-to 10-fold lower cAMP concentration than holoenzymes containing Ca (E. Baude and M. Uhler, personal communication). Similarly, RIf3-containing holoenzymes are 3-to 7-fold more sensitive to cAMP than those containing RIa (in association with either Ca or CO) (40) . One might speculate that the modest Ca2+ influx produced during the initiation of LTD activates a limited subset of adenylyl cyclase molecules producing a modest, perhaps localized, increase in cAMP. Only the more sensitive Cf31-or RIP-containing PKA holoenzymes would respond to this small increase. The phenotypic similarity of the RI,B and Co3 mutant mice also raises the question of whether these two subunit isoforms might preferentially associate with each other to form holoenzymes in hippocampal neurons. We should note that an RI-C13 holoenzyme does not confer additive sensitivity to cAMP (40) . Although it is unknown whether RIP and C,B preferentially associate with each other, in situ hybridization studies indicated that in many cases their expression patterns are not coincident (38) . There is considerable evidence that subcellular compartmentalization of particular PKA isoforms occurs in neurons and other cell types (41, 42) . For example, PKA is localized to postsynaptic densities via the interaction of its regulatory subunit (specifically RIla) with the anchoring protein AKAP79. Colocalization of calcineurin with these complexes was also demonstrated in hippocampal neurons (43) . This colocalization of signaling molecules invited speculation that it is functionally relevant, and evidence in support of this possibility is beginning to emerge. When anchoring was disrupted in hippocampal neurons by perfusion with blocking peptides, the PKA regulation of AMPA/kainate currents was lost (44) . Similarly, these peptides prevented potentiation of voltagedependent Ca2+ channels by PKA in skeletal muscle cells (45) . These studies have not identified which C subunit of PKA is present within the compartmentalized holoenzymes. It is reasonable to expect that both C,B and Ca are represented in these holoenzymes since there is no known discrimination among the C-subunit isoforms by R subunits in vivo. Furthermore, PKA might also be colocalized with other as yet unidentified receptors and signaling molecules. Thus, C,31 may be present within PKA holoenzymes that are localized to specific subcellular regions, where they may be associated with critical signaling molecules, and there would confer greater cAMP sensitivity than that exhibited by Ca-containing holoenzymes. Perhaps both compartmentalization and cAMP sensitivity contribute to the requirement for Cr31 in synaptic function.
At present, one of the most important problems is the identification of PKA substrates that act to facilitate long-term changes in synaptic efficacy. Since many ion channels, neurotransmitter receptors, and transcription factors are phosphorylated in vivo by PKA, the possible candidates are numerous and it is likely that multiple substrates are involved. The recent literature in this area suggests two prime targets. LTP is associated with enhanced AMPA receptor-mediated synaptic transmission, and it is known that AMPA receptors are phosphorylated by PKA, resulting in enhanced activity (7) . Additionally, there is clearly a requirement for gene transcription during the late phase of LTP, and the transcription factor CREB is directly activated by PKA phosphorylation in neurons. That CREB is a critical PKA substrate is supported by the finding that CREB knockout mice have a significant loss of late-phase LTP (23) . It should be noted, however, that CREB is also a substrate for other neural kinases that may activate transcription without PKA involvement (46, 47) .
Are CAl LTP and LTD Required for Learning? LTP and LTD have frequently been discussed as electrophysiological indicators of synaptic plasticity and, therefore, as potential information storage mechanisms used by the hippocampus. In trying to understand the importance of these electrophysiological phenomena in hippocampal-mediated behaviors, we and others have used pharmacologic and genetic approaches to determine whether defects in hippocampal synaptic plasticity translate into defects in spatial learning and memory. For example, studies of the CREB knockout mice suggested that loss of the late, but not early, phase of CAl LTP correlated with an inability to maintain long-term memory (23) . However, the PKA-C,B mutant mice described here, which also show a partial defect in the late phase of CAl LTP, have shown no detectable deficit in spatial learning (25) . Along with observations made on other mutant mice (24, (48) (49) (50) (51) (52) (53) (54) , these data suggest that only severe LTP defects impair performance in typical spatial tasks.
The fact that mice with mutations in either the Co1, or RIP3 subunit of PKA lack LTD yet show no apparent behavioral deficits in paradigms that test spatial learning, including reversal (i.e., unlearning a solution to a maze and relearning a new solution), indicates that hippocampal LTD is also not essential for learning. This finding is particularly relevant for the interpretation of behavioral studies on other genetic mutants. In an analysis of the mGluRl knockout mice, Aiba et al. (51) suggested that LTD, which was unaffected in the mutant mice, may account for the lack of a severe learning deficit despite a decrease in LTP. Similarly, Abeliovich et al. (53, 54) suggested that the protein kinase C'y mutant mice, which show an impairment in LTP, exhibit only a mild learning deficit perhaps because of the unaffected LTD and, therefore, that both LTP and LTD might contribute to spatial learning.
Our data on the Co31 mutant and RI,B mutant mice suggest that the ability of hippocampal synapses to undergo LTD is not a critical factor in either spatial or contextual learning and thus does not support the idea that LTD is essential for such learning.
One of the more compelling attributes of the two PKA genetic mutant mouse lines that we have developed is that the electrophysiological deficits are very discrete, yet pronounced, without any appreciable developmental complications. Thus, it will be very informative to continue to explore other hippocampal-mediated behaviors in these mice to establish whether a link between hippocampal LTD and such behaviors can be found.
